This paper presents a comparison study on photovoltaic generation system (PVGS) performance between two different types of power conversion topologies in riding through the grid faults via digital simulation. In the first topology, PV panels are connected directly to a DC-AC converter. In the second topology, DC-DC converter is employed between PV panels and the DC-AC converter. The second topology added complexity of control but it overs more advantages. Both topologies are subjected to grid faults; which result in voltage sags at the point of interconnection. Active power, reactive power and total current from both PVGS topologies are analysed and compared. The simulation results show that PVGS with DC-DC converter performs better where it return to steady state operation faster after clearance of faults and also the deviation of output from steady state value is less during the recovering period.
Introduction
Photovoltaic (PV) energy as a form of clean and renewable resources has gained significant attention in recent years due to the cost increment and adverse environmental impacts of conventional fossil fuels [1] . Currently, PV energy system is considered as an optimum solution to the electricity supply in most rural zones in developing countries [2, 3] . However the uncertainties in producing output power create a challenges in operating a power system with large number of PV [4] .
PV application is gaining a lot of attention in the developing country like Malaysia. Feed in Tariff (FiT) introduced in Malaysia in 2011 [5] is a sign that the government is serious in promoting PV as a new energy source in supporting Malaysian sustainable growth. The participant of FiT program will enjoy high tariff for each kilowatt-hour inject to the grid. The introduction of this FiT is an example of the incentives provided by Malaysian Government to increase PV application for electricity generation.
The targeted installation of PV in Malaysia is about 10,000 MW by 2050 [12] . At this time electricity from PV constitute 38% of the electricity production in the country yearly. This amount is considered significant and with this level of PV interconnection, there will be a lot of technical challenges in operating Malaysian electricity grid. Some of the challenges are expected included coordinating protection system, severe voltage fluctuation and stability of the electrical grid [7] .
In Malaysia, PVGS are only required to energize the grid without any requirement to directly support the power grid reliability. However, this policy is expected to change when massive PV penetration takes place. For example, in developed countries like Germany, PVGS is required to provide voltage support during steady state operation and critical period [6] . An example of grid support requirement is fault ride through requirement during temporary fault and injection of reactive current at the same moment. The purpose of this support includes to support voltage recovery and to avoid a large mismatch of generation and load after the clearance of temporary faults.
In this paper, fault ride through characteristic and behaviours of two different PVGS topologies are investigated through computer simulations. The paper content is arranged as follow. In Section 2, PVGS technology is reviewed. In Section 3, the expected grid code requirement is described. In Section 4, the performance of the PVGS during and just after temporary fault is presented and discussed. 
INFLUENCE OF AN ADVANCE CONTROL OF PHOTOVOLTAIC GENERATION SYSTEM ON FAULT RIDE THROUGH PERFORMANCE

Photovoltaic Generation System
A typical PVGS consists of PV panels and power conditioner [7] . When the sun radiation hit the panel, electricity is generated. The generated electricity is in DC form. Before the electricity is usable, it needs to be converted to AC form, and the conversion is realized by using a power electronic (DC-AC) converter. The output frequency from the power electronic converter is 50/60 Hz, and then electricity is fed directly to the load or to the grid system. Figure 1 . Photovoltaic generation system Type 1 [7] Electric current generated by PV panel is linearly depending on the solar irradiation level and also influenced by the cell temperature. The following equation relates PV current to the irradiation and temperature [11] : The simplest arrangement of PVGS is depicted in Figure  2 where the output of PV panels is directly connected to its DC circuit. In this topology, only one DC-AC converter is utilized. The power components that are controlled by this converter are DC voltage (U DC ), active power ( P ), reactive power (Q) and power factor (cos ϕ). The second PVGS topology utilizes two power electronic converters. As shown in Figure 3 , the converter on the PV panel's side is DC-DC converter and the converter on the grid side is DC-AC converter. With this arrangement, active power and the DC voltage is controlled using a DC-DC converter while the reactive power and power factor is controlled using DC-AC converter. The DC-DC converter is usually utilised for integrating of maximum power point tracking (MPPT) algorithm to extract maximum power from PV arrays [8] . For grid connected applications, boost type of DC-DC converter is preferred where it step up the arrays voltage to a higher voltage [9] . In most cases, DC-DC converter is used to average and control the DC link voltage to match the desired voltage by varying the duty cycle. While both topologies are capable of carrying their basic duty, which is delivering the electricity generated by PV to the grid, there are differences in term of power components performance and characteristics when exposed to electrical disturbances within the grid system such as line faults.
Fault Ride Through Requirement
In a country where PV integration is substantial such as in Germany, it is made mandatory that the PVGS connected to medium voltage level must remain connected to the grid during fault transient even when the voltage at connection is zero.
This fault ride through requirements is similar to the requirement imposed on micro-turbine generation system (MTGS) [7] and fuel cell generation system (FCGS) [10] . In any situation, PVGS is not allowed to be disconnected if the fault leads to a voltage level above the boundary line 1 (the blue line indicated in Figure 4) . Between boundary lines 1 and 2, PVGS can only be disconnected if the network operator agreed that the reconnection can be performed after a maximum of 2 seconds.
At the same time, reactive current need to be injected according to the characteristic shown in Figure 5 . Magnitude and type of reactive current injection depends on the voltage level. If the system voltage drops below 90%, capacitive reactive current is injected. In contrast, if the system voltage rises beyond 110%, inductive reactive current is injected. The amount of reactive current described is added to the actual reactive current already supplied during steady state operation. The objective of reactive current injection, as depicted in Figure 4 , is to improve the voltage recovery after the fault [6, 10] . [6] Presently most of the grid system connected with PVGS is not set to ride through temporary grid faults. So, if there is any change in the grid code, a question arises -"that is how to tune the PVGS to adhere to the new requirements?". Most of the modern power electronics converter utilizes IGBT switches where the pulse signal is supplied by modulation circuit. The modulation signal is generated based on reference voltage magnitude and angle given by current control loops. The current control loops are segmented to inner current loop and outer voltage loop, as depicted in Figure 6 and Figure 7 . These two loops are similar as those used in the MTGS [7] and FCGS [10] . . Figure 6 . Inner current loop [7, 10] These loops are derived based on the relationship between the voltage at converter terminal (u CON ) and voltage (u G ) after the grid inductor as depicted in Figure 7 . The voltage in abc coordinate is transformed to dq0 coordinate for flexibility of control. In dq0 coordinate, active and reactive power can be controlled separately where d component correspond to active power while q component correspond to reactive power. 
In this voltage oriented reference frame d-component of converter current is correspondent to active current and q-component of converter current correspond to reactive current. The reactive current injection characteristic can be easily added to AC voltage loop as shown in green box in Figure 8 . The voltage at the point of connection is compared to the pre-fault voltage and the differences is multiple by the gain k as detailed in Figure 4. 
Simulation Result and Discussion
In order to analyze the dynamics of the PVGS, the modeling and simulation is performed in MATLAB/SIMPOWERSYSTEM [13] . PVGS is modeled as a detail models considering the switching of the power electronic devices. PVGS as shown in Figure 2 
Dynamic of PVGS at Fault Condition
Single line-to-ground (SLG) fault and three-phase fault were applied. Both types of faults were applied on PVGS type 1 and PVGS type 2. The fault resistance is 1 Ω and fault is applied at 0.8 s for the duration of 150 ms. The impact of the fault on both PVGS is compared and discussed. The results are depicted in Figure 9 , Figure 10 , Figure 11 and Figure 12 respectively.
Single Line-to-Ground Fault
During fault, the grid voltage will dip as shown in Figure  9 and Figure 10 . The voltage dip for both PVGS systems is almost the same. However, total fault current from PVGS type 1 is higher than PVGS type 2. The advantage of PVGS type 2 is it can return to steady state operation in a shorter time after the fault is cleared. It is also seen that with DC-DC converter, there is no overshoot of active power from PVGS immediately after the clearance of fault. Figure 11 and Figure 12 depict the responses of PVGS to a three phase fault at the point of interconnection for 150 ms.. Technically, the voltage should become zero but it is not the case here. This voltage is due to the current injected by PVGS which gives rise to voltage potential across its grid inductor.
Three -Phase Fault
From the Figure 12 , it can be seen that the magnitude of the inrush current for PVGS type 2 almost reached 8 p.u of its rated current while the inrush current for PVGS type 1 is only 4 p.u. of its rated current. Active power and reactive power during fault for both systems is approximately the same. After the fault is cleared, PVGS type 2 reaches steady state at t = 0.97 s which is faster compared with PVGS type 1.
It is found that the inclusion of DC-DC converter in DC circuit improves the performance in fault ride through but it is found there is large magnitude of inrush current
developed during at the beginning of the event. It is however unknown if the manufacturer already equipped the inverter with the relevant protective device to limit the current. If the answer is no, then retrofitting is needed to the installed inverters if the new requirements is codified in the near future.
From the Figure 11 , it is also seen that reactive power flows into the inverter while at that time active power is delivers beyond the nominal value of inverter. This occurrence happen between the clearance of fault and the system reaching steady state. Theoretically it is happened as produced by computer simulation. However it is not known if this occurrence could happen in the real inverter and it should be investigated. 
Conclusion
This paper presents a comparison study on PVGS performance of two different types of power conversion topologies in riding through the grid faults. In the first type, PV panels is connected directly to a DC-AC converter before the grid connection. In the second type, a DC-DC converter is placed between PV panels and DC-AC converter. Both types are subjected to a temporary grid faults which results in voltage dip at the point of interconnection. Active power, reactive power and total current form both PVGS are compared. Even though the second PVGS type adds complexity to its control method but it has some advantages.The simulation results shows that PVGS with DC-DC converter has two main benefits:
(1) It reduces the -"return to steady state" time after clearance of faults and (2) It lessen the deviation of output from steady state value during recovering period.
